The surface electronic structure of ZnO nanoparticles has been studied with photoemission and x-ray absorption spectroscopies. Contrary to expectation, ZnO:Zn phosphor nanoparticles were found to contain a lower oxygen vacancy density on the surface than undoped ZnO counterparts, but oxygen vacancies are in different chemical environments.
Text
Characterisation of electronic structure is important for understanding the properties and reactivity of solid surfaces. For nanoparticles the contribution of surface to their electronic and optical properties is expected to be significant because of their large surface to volume ratio. ZnO nanoparticles are currently of technological importance and considerable scientific interest. A substantial number of published papers have dealt with the fabrication of ZnO nanostructures and their applications such as catalysis, UV-light emitters and transparent high-power electronics [1] . Recent theoretical calculations and existing models of methanol synthesis using ZnO nanocatalysts suggest that oxygen vacancies on the ZnO surface could act as active sites for CO and CO 2 chemisorption during methanol synthesis [2, 3] . In addition, surface defects and impurities have been reported to quench the excitonic luminescence of ZnO [4, 5] since they can act as trapping centres to compete with the near-band-edge (NBE) emission. These studies indicate that key properties of ZnO nanostructures may depend critically on their surfaces.
Strunskus et al. [6] have studied the valence band structure of ZnO powders using x-ray emission spectroscopy. This technique, however, is not a surface-sensitive probe because of the large mean free path of x-ray photons in matter and consequently all recorded spectral data are dominated by bulk contributions. A key question to address is to what extent the surface electronic structure of ZnO nanoparticles affect their luminescent properties. In this letter, we report on the electronic structure of undoped ZnO and ZnO:Zn phosphor nanoparticles studied with surface science techniques.
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The undoped ZnO nanoparticles with an average diameter of 25 nm were chosen for this study to provide a large surface area-to-volume ratio without introducing quantum size effects since the particle size is much larger than the Bohr radius of 2.34 nm [7] . The specimen was CL spectra of the nanoparticles, corrected for system response, obtained at 300 K are shown in Figure 1 . The spectrum was acquired from the ZnO:Zn surface by using a minimum accelerating voltage of 200 V, which corresponds to an excitation depth of < 1 nm. The spectrum exhibits a broad green emission peak which can be fitted by two Gaussian components centred at 2.50 eV and 2.26 eV, which have been recently attributed to radiative C. Ton-That et al.
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recombination involving surface oxygen vacancies [8] . In contrast, an accelerating voltage of 4 kV was required to produce sufficient signal from the undoped ZnO nano-particles, suggesting the presence of a greater number of non-radiative centres or a surface dead layer.
In addition, its CL emission spectrum is dominated by a near-band-edge (NBE) emission at ~ 3.3 eV, the green emission is negligible.
XPS survey spectra of the nanoparticles revealed only zinc and oxygen signals and no other impurities were detected. The O/Zn atomic ratios of the undoped and ZnO:Zn nanoparticles, and O 2p states, respectively [13, 14] . All the spectra inhibit the same spectral onset at 2.4 eV below the Fermi level, E F (estimated by a linear extrapolation of the leading edge of the valence band [15] ). There are significant differences in the overall spectral shape of the The observation of a strong green emission from the ZnO:Zn surface, together with the results from surface analysis, clearly indicates that the luminescence originates from the oxygen vacancies present at the particle surface. One obvious mechanism responsible for the complete quenching of the NBE emission in ZnO:Zn is efficient energy transfer from excited electron-hole pairs to surface oxygen vacancies. It has been suggested that that the holes involved in the green luminescence are primarily trapped at the ZnO surface [20] . It is noted that the concept of surface recombination is not limited to ZnO. The yellow luminescence of GaN is known to possess similar characteristics to the green emission in ZnO and has also been suggested to originate from the surface [21] . The surface may therefore have a crucial role in optoelectronic applications of wide band gap semiconductor nanostructures.
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Figure Captions from the undoped ZnO nanoparticles at 4 kV. The ZnO:Zn spectrum exhibits a broad, strong green peak, which can be fitted with two Gaussians centred at 2.50 and 2.26 eV.
Fig 2.
O 1s core-level photoemission spectra obtained from the undoped ZnO and ZnO:Zn nanoparticles. The spectra were normalised to the peak height. The spectrum for the undoped nanoparticles is broadened with a shoulder on the high-binding-energy side and can be resolved into two peaks which correspond to two chemically different environments (inset). All the spectra were normalised so as to give the intensity of unity at 25-30 eV above the absorption edge.
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